Abstract Aims/hypothesis: No previous studies on the association between salt intake and the risk of type 2 diabetes have been reported. The aim of this study was to assess whether high salt intake, measured by 24-h urinary sodium excretion, is an independent risk factor for type 2 diabetes. Methods: We followed prospectively 932 Finnish men and 1,003 women aged 35-64 years with complete data on 24-h urinary sodium and potassium excretion and other study parameters. Hazard ratios for the incidence of type 2 diabetes were estimated for different levels of 24-h urinary sodium and potassium excretion. Results: During a mean follow-up of 18.1 years, there were 129 incident cases of type 2 diabetes. The multivariate-adjusted (age, sex, study year, body mass index, physical activity, systolic blood pressure, antihypertensive drug treatment, education, smoking and coffee, alcohol, fruit, vegetable, sausage, bread and saturated fat consumption) hazard ratio for diabetes for the highest vs combined lower quartiles of 24-h urinary sodium excretion was 2.05 (95% CI, 1.43-2.96). This positive association persisted in non-obese and obese subjects, in normotensive and hypertensive subjects, as well as in men and women. Potassium excretion was not associated with the risk of type 2 diabetes. Conclusions/ interpretation: High sodium intake predicted the risk of type 2 diabetes, independently of other risk factors including physical inactivity, obesity and hypertension. These results provide direct evidence of the harmful effects of high salt intake in the adult population, although the confounding effect of other dietary factors cannot be fully excluded.
Introduction
Type 2 diabetes is one of the fastest growing public health problems in developed and developing countries [1] . Hypertension is extremely common in patients with type 2 diabetes, affecting up to 60% of diabetic patients [2] . Furthermore, the results from epidemiological studies have indicated that subjects with hypertension are more likely to develop type 2 diabetes [3] . Thus, hypertension and diabetes may have some common underlying relationship and coexistent risk factors. Sedentary lifestyle, obesity and ageing are the common risk factors for both hypertension and type 2 diabetes [4] [5] [6] [7] . Several dietary factors have also been associated with insulin sensitivity, glucose metabolism and risk of hypertension and type 2 diabetes [8, 9] .
High intake of dietary sodium, low intake of potassium and high urinary sodium to potassium ratio have repeatedly demonstrated a direct relationship with essential hypertension [10] [11] [12] [13] [14] [15] . Some studies [16] [17] [18] but not all [19] have demonstrated that hyperinsulinaemia and insulin resistance were present in normotensive or hypertensive salt-sensitive patients compared with salt-resistant subjects. Higher intake of magnesium might improve glucose disposal and insulin action and reduce the risk of the development of type 2 diabetes [20, 21] . However, dietary magnesium in-take seems to be associated with sodium-and potassiumintake levels and sodium opposes magnesium and potassium in many physiological processes [8, 10, 22] . The potential association between sodium intake and the risk of type 2 diabetes has not been investigated. The aim of this study was to find out whether high sodium intake, measured by 24-h urinary sodium excretion, increased the risk of type 2 diabetes in the adult Finnish population.
Subjects, materials and methods
Participants Baseline surveys were carried out in two eastern Finnish provinces, North Karelia and Kuopio, and in the Turku-Loimaa region in south-western Finland in 1982 and 1987 [23] [24] [25] [26] . In both surveys, the sample included men and women aged 25-64 years. The 1982 and 1987 cohorts were combined in the analyses. The original random sample was divided by area, sex and 10-year age group according to the World Health Organization (WHO) MONItoring trends and determinants of CArdiovascular disease (MONICA) protocol [27, 28] and comprised 3,607 subjects, of whom 2,833 (78.5%) collected their 24-h urine specimens. An additional 301 subjects reported that they had missed some of the urine during the day of the collection and were thus excluded from the present analyses. Since only nine cases of type 2 diabetes were diagnosed in participants aged 25-34 years during the follow-up, we excluded this age group. Thus, the final sample comprised 932 men and 1,003 women, after also excluding subjects with known diabetes at baseline (n=60), subjects who had type 1 diabetes (n=5) at baseline or during the follow-up and subjects with incomplete data on any variables required for this analysis (n=9). The participants gave verbal informed consent. These surveys were conducted according to the ethical rules of the National Public Health Institute and the investigations were carried out in accordance with the Declaration of Helsinki.
Baseline measurements A self-administered questionnaire was sent to the participants to be completed at home. The questionnaire included questions on medical history, drug treatment, socioeconomic factors, smoking habits, physical activity and dietary habits. Education level, measured as the total number of school years, was divided into birth cohort-specific tertiles. Based on the responses, the participants were classified as never smoked, ex-smokers and current smokers. Current smokers were categorised into those who smoked <20 or ≥20 cigarettes per day. Physical activity included occupational, commuting and leisuretime physical activity. A detailed description of the questions is presented elsewhere [4] [5] [6] [7] [29] [30] [31] and these questions were similar to those used and validated in the Seven Countries study [32] . The subjects reported their occupational physical activity according to the following three categories: light, moderate or active. The daily journey to and from work was grouped into three categories: using motorised transportation or not working outside home (0 min of walking or cycling); walking or bicycling 1-29 min; or walking or bicycling for more than 30 min. Self-reported leisure-time physical activity was classified into three categories: low, moderate or high. Since our previous study has shown that moderate and high occupational, commuting or leisure-time physical activity independently and significantly reduced risk of type 2 diabetes [4] , the three physical activity indicators were merged and regrouped into three categories: (1) low: defined as subjects who reported light levels of occupational, commuting (<30 min/ day) and leisure-time physical activity; (2) moderate: defined as subjects who reported only one of the three types of moderate to high physical activity; and (3) high: defined as subjects who reported two or three types of moderate to high physical activity.
The subjects' diet and food choices were assessed by three types of question [33] . First, the type of food usually consumed was evaluated (e.g. "What kind of milk, cooking fat and fat on bread do you usually choose?"). Second, the amount of food consumed daily was assessed (e.g. "How many glasses of milk and sour milk, slices of bread and cups of coffee do you have daily?") [34] . Moreover, the amount of saturated fat consumed daily from dairy products and bread fat was calculated. Finally, the frequency of consumption of vegetables and fruits over the last week (<1 time/week, 1-2 times/week, 3-5 times/week, 6-7 times/ week) and the frequency of consumption of sausages over the past 12 months (<1 time/month, 1-2 times/month, 1 time/week, 2 times/week, almost daily, >1 time/day) were inquired. Alcohol consumption was categorised into three groups: none, 1-100 and >100 g per week.
At the study site, specially trained nurses measured height, weight and blood pressure using a standardised protocol according to the WHO MONICA project [27] . Blood pressure was measured from the right arm of the subject, who was seated for 5 min before the measurement. The fifth phase of the Korotkoff sound was recorded as diastolic blood pressure. Blood pressure was measured twice and the mean of these two measurements was used in the analyses. Height was measured without shoes and weight was measured with light clothing. BMI was calculated as weight in kilograms divided by the square of the height in metres. Obesity was defined as a BMI ≥30.0 kg/ m 2 . Hypertension was defined as systolic blood pressure ≥160 mmHg and/or diastolic blood pressure ≥95 mmHg, or using antihypertensive drugs.
Participants were instructed to collect urine for 24 h and return it to the examination site the next day. They were not informed that the samples would be used to estimate their salt intake. Individuals were asked to report whether urine collection during the 24 h was incomplete, i.e. if some of the urine was not collected in the jar provided. At the survey site, the study nurses measured the volume of the urine collection and took a 100-ml aliquot into a plastic bottle that was sent to the central laboratory where it was stored frozen for a few months. The samples were thawed for the measurement of sodium and potassium concentration with a Technicon autoanalyser. The 24-h urinary sodium and potassium excretion values were computed from these data and the recorded volume. All samples were analysed in the same laboratory at the National Public Health Institute in Helsinki.
Diagnosis of diabetes
We ascertained incident cases of diabetes from the National Hospital Discharge Register and the National Social Insurance Institution's Drug Register. These register data were linked to the risk factor survey data with the unique personal identification numbers assigned to every resident of Finland. Antidiabetic drugs prescribed by a physician are free of charge in Finland subject to approval of the application to the Social Insurance Institution with a case history prepared by the treating physician attached. The physician confirms the diagnosis of diabetes on the basis of the World Health Organization criteria [35, 36] . All patients receiving freeof-charge medication (either oral antidiabetic agents or insulin) are entered into a register maintained by the Social Insurance Institution. The National Hospital Discharge Register includes hospitalisations for patients admitted to hospitals with a primary or secondary diagnosis of diabetes in Finland nationwide. Follow-up of each participant in our present analysis continued through 31 December 2002, or until death. In addition to antidiabetic drug treatment, data on the initiation of antihypertensive drug treatment during the follow-up were also received from the records of the Social Insurance Institution's register.
Statistical analyses
The association between 24-h urinary sodium and potassium excretion and the risk of type 2 diabetes was analysed using the Cox proportional hazards models. The subjects were classified according to sex-and study year-specific quartile of the 24-h urinary sodium and potassium excretion. All analyses were adjusted first for age, sex and study year and then further also for education, physical activity, smoking, coffee and alcohol consumption, frequency of vegetable, fruit and sausage consumption, bread consumption, saturated fat consumption, systolic blood pressure and BMI at baseline and antihypertensive drug treatment at baseline and during follow-up. The significance of the trend over different quartiles of 24-h urinary sodium and potassium excretion was tested in the same models by giving an ordinal numeric value for each dummy variable. Since none of the interactions between sex and the 24-h urinary sodium and potassium excretion on the risk of diabetes were statistically significant, men and women were combined in the analyses. Statistical significance was considered to be p<0.05. All statistical analyses were performed with SPSS for Windows 12.0 (SPSS, Chicago, IL).
Results
A total of 129 cases of type 2 diabetes were identified during a mean follow-up period of 18.1 years. Age, systolic blood pressure, the prevalence of low physical activity and the consumption of alcohol, bread, fruits, vegetables and saturated fat did not differ between the quartiles of the 24-h sodium excretion (Table 1 ). There was a significantly increasing trend in the mean values of 24-h potassium excretion, BMI, diastolic blood pressure and daily coffee consumption and in the prevalence of obesity and hypertension by increasing sodium intake. Table 2 shows hazard ratios for the diabetes incidence according to the quartiles of the 24-h urinary sodium and potassium excretion, with the second quartile as a reference. The risk of type 2 diabetes was significantly higher in the highest quartile of 24-h urinary sodium excretion. Slight but not significantly increased risk was also found among the subjects in the lowest quartile of urinary sodium excre- tion. These associations did not change appreciably after adjustment for education, physical activity, smoking, coffee and alcohol consumption, dietary variables, antihypertensive drug treatment at baseline and during follow-up and BMI. No significant association between the 24-h urinary potassium excretion and the risk of type 2 diabetes was found.
Since there was not any significant difference for the risk of type 2 diabetes within quartiles 1-3 of the 24-h urinary sodium excretion, we combined quartiles 1-3 of the 24-h urinary sodium excretion in the next analyses ( Table 3) . The age-, sex-and study year-adjusted hazard ratio of diabetes was 2.84 (95% CI, 2.01-4.02) in the highest quartile vs combined lower quartiles for the 24-h urinary sodium excretion. The relative risk of type 2 diabetes in the highest quartile of the 24-h urinary sodium excretion increased slightly after adjustment for education, physical activity, smoking, coffee and alcohol consumption and dietary variables, and it attenuated slightly after further adjustment for systolic blood pressure, antihypertensive drug treatment at baseline and during follow-up. The hazard ratio remained highly significant (2.05 [95% CI, 1.43-2.96]) also after additional adjustment for BMI. When we used diastolic blood pressure instead of systolic blood pressure in the multivariate model, the hazard ratio of diabetes was 2.04 (95% CI, 1.41-2.94). When also the age group 25-34 years was included in the analyses, the multivariate-adjusted hazard ratio was 1.91 (95% CI, 1.34-2.71).
The observed associations were fairly similar in nonobese and obese participants, in normotensive and hypertensive patients and in men and women (Table 4 ). There were no significant interactions between the 24-h urinary sodium and obesity or hypertension.
Discussion
This study is the first one where the relationship between the sodium intake and the risk of type 2 diabetes has been studied prospectively based on the individual 24-h urinary sodium excretion data. High levels of sodium intake, measured by the highest quartile of the 24-h sodium excretion, significantly increased the risk of type 2 diabetes. The increase in risk was not linear but mainly observed in the highest quartile of sodium intake.
The mechanism of the association between high intake of sodium and the risk of type 2 diabetes is not completely understood. However, several putative mechanisms can be proposed. The obesity-related insulin-resistance syndrome, which describes a cluster of metabolic abnormalities (insulin resistance, hypertension, dyslipidaemia and impaired glucose regulation), has been recognised to play an important role in the development of type 2 diabetes [36] [37] [38] [39] [40] . A high intake of dietary sodium and the high urinary sodium to potassium ratio have been shown to have a direct relationship with essential hypertension [10] [11] [12] [13] [14] [15] . Adjusted for age, sex, study year, education, physical activity (low, moderate and high), smoking status (never, past and current smoking of 1-19 or ≥20 cigarettes/day), alcohol consumption (0, 1-100 and >100 g/week), coffee consumption (0-2, 3-6 and ≥7 cups/day), frequency of vegetable consumption (<1 time/week, 1-2 times/week, 3-5 times/week, 6-7 times/week), frequency of fruit consumption (<1 time/ week, 1-2 times/week, 3-5 times/week, 6-7 times/week), frequency of sausage consumption (<1 time/month, 1-2 times/month, 1 time/ week, 2 times/week, almost daily, >1 time/day), bread consumption (slices/day) and saturated fat consumption (g/day) c Adjusted for variables in model 2 and systolic blood pressure and antihypertensive drug treatment at baseline and during follow-up d
Adjusted for variables in model 2 and body mass index e Adjusted for variables in model 2 and systolic blood pressure, antihypertensive drug treatment at baseline and during follow-up and body mass index Overweight and obese people usually eat more food than normal weight people; along with a bigger quantity of food intake, they also get more sodium [13] . It could be hypothesised that high sodium intake might increase the risk of type 2 diabetes partly through weight gain and hypertension. We found, however, that high levels of the urinary 24-h sodium excretion increased the risk of type 2 diabetes, independently of obesity and hypertension.
Another mechanism could be the effect of sodium intake on serum insulin concentration or insulin resistance, but the results from experimental studies are controversial. Some studies have suggested that hyperinsulinaemia and insulin resistance were present in normotensive and hypertensive salt-sensitive patients [16] [17] [18] . These findings suggest that salt sensitivity may be associated with insulin sensitivity and that salt intake may have different effects on insulin sensitivity in salt-sensitive compared with saltresistant persons. Most studies [16] [17] [18] , but not all [19] , have demonstrated a relationship between insulin resistance and salt sensitivity. Another controversy exists concerning the effect of salt intake on serum insulin concentrations. Some studies have presented that a change in salt intake would lead to changes in insulin sensitivity and/or serum insulin concentration [16, 19] . However, other analyses have reported that variation in salt intake had no effect on either insulin sensitivity or serum insulin concentration [17] . The use of different methodologies to measure both salt sensitivity and insulin sensitivity may be the main reason to explain these conflicting results. We did not measure serum insulin in our study and this is one limitation of our study.
The effect of dietary sodium intake on the risk of type 2 diabetes may also interact with the intake of other nutrients, such as magnesium, potassium, calcium and fibre. Low intake of potassium and a high urinary sodium to potassium ratio have indicated a direct relationship with essential hypertension [10] [11] [12] [13] [14] [15] . A significant inverse relationship between magnesium intake and the risk of diabetes has been found in several prospective studies [20, 21] . The opposing effects of high levels of sodium and low levels of magnesium and potassium on the risk of type 2 diabetes are a potential explanation for the observed results. Higher sodium intake may be associated with an unhealthy Adjusted for age, sex (except analyses by sex), study year, physical activity (low, moderate and high), smoking status (never, past and current smoking of 1-19 or ≥20 cigarettes/day), alcohol consumption (0, 1-100 and >100 g/week), coffee consumption (0-2, 3-6 and ≥7 cups/day), frequency of vegetable consumption (<1 time/week, 1-2 times/week, 3-5 times/week, 6-7 times/week), frequency of fruit consumption (<1 time/week, 1-2 times/week, 3-5 times/week, 6-7 times/week), frequency of sausage consumption (<1 time/month, 1-2 times/month, 1 time/week, 2 times/week, almost daily, >1 time/day), bread consumption (slices/day) and saturated fat consumption (g/day) c Adjusted for variables in model 2 and systolic blood pressure (except in hypertensive/non-hypertensive analyses), antihypertensive drug treatment at baseline and during follow-up (except in hypertensive/non-hypertensive analyses) and body mass index d Hypertension was defined as diastolic blood pressure ≥95 mmHg and/or systolic blood pressure ≥160 mmHg, or using antihypertensive drugs diet regarding other aspects of diet. A diet high in sodium increases the need to drink more. After salty snacks people often drink sweet soft drinks, which may increase the level of postprandial glucose and may also lead to obesity and imbalanced nutrient intakes due to a reduced intake of healthier foods. The data from the Health Professionals' Follow-up Study [41] and the Nurses' Health Study [42] also found that a diet high in processed meats could increase the risk for developing type 2 diabetes. A diet with a high intake of salt from processed meats may be one potential explanation of above association. We cannot fully exclude the possibility that the observed association is due to residual confounding of obesity or some measured dietary factors or confounding of some unmeasured dietary factors. Clinical trials have shown that a healthy diet and enhanced physical activity are effective in preventing type 2 diabetes in high-risk individuals [43] [44] [45] . Our finding represents another important dietary determinant of type 2 diabetes. A particular strength of the present study is that we measured the 24-h urinary sodium excretion, which is regarded as the best way to measure the sodium intake of an individual [46] , but collection of 24-h urinary samples in large population studies is very difficult. A limitation of our study was that we did not carry out a glucose tolerance test at baseline and during follow-up. Therefore, we could have missed some cases of asymptomatic and diet-treated diabetes, although the clinical diagnosis of diabetes from the hospital discharge register may have, in part, avoided this potential underdiagnosis. We cannot exclude completely either the effects of residual confounding due to measurement error in the assessment of confounding factors, or some unmeasured dietary factors (such as intake of fibre, magnesium, calcium, whole grain, glycaemic load of the diet and total energy intake) although we have included some dietary variables in the multivariate analysis.
In conclusion, this study demonstrated that a high sodium intake predicts the risk of type 2 diabetes, but the confounding effect of other dietary factors cannot be fully excluded. This novel finding needs to be confirmed in other studies and it would be important to investigate mechanisms behind the association of high sodium intake and the risk of type 2 diabetes.
